Many areas of algae technology have developed over the last decades, and there is an established market for products derived from algae, dominated by health food and aquaculture. In addition, the interest for active biomolecules from algae is increasing rapidly. The need for CO 2 management, in particular capture and storage is currently an important technological, economical and global political issue and will continue to be so until alternative energy sources and energy carriers diminish the need for fossil fuels. This review summarizes in an integrated manner different technologies for use of algae, demonstrating the possibility of combining different areas of algae technology to capture CO 2 and using the obtained algal biomass for various industrial applications thus bringing added value to the capturing and storage processes. Furthermore, we emphasize the use of algae in a novel biological process which produces H 2 directly from solar energy in contrast to the conventional CO 2 neutral biological methods. This biological process is a part of the proposed integrated CO 2 management scheme. #
Introduction
Emissions of carbon dioxide are likely to increase significantly in the near future due to increased energy demand from developing countries, derived mainly from fossil fuel www.elsevier.com/locate/geneanabioeng Biomolecular Engineering 24 (2007) [405] [406] [407] [408] [409] [410] [411] [412] [413] combustion. These emissions are predicted to have profound effects on the global climate, demonstrating the importance of implementing the use of renewable energy sources in the long term, as well as capturing CO 2 to limit its release into the atmosphere in the short term. Current methods for capturing CO 2 are either relatively costly or use so much energy that the mitigation benefits become marginal.
Fossil fuel originates from biomass produced by photosynthetic fixation of CO 2 . Photosynthesis is nature's way of recycling CO 2 , and globally 500 billion tonnes CO 2 is fixed annually by terrestrial vegetation which is 20 times more than the amount of CO 2 released from fossil fuel consumption. However, the process of indirect CO 2 capture by planting forests has been deemed to be an inadequate solution, and the potential for increased CO 2 capture in agriculture has been estimated to contribute only 3-6% of fossil fuel emissions (Hutchinson et al., 2007) . Microalgae have the ability to fix CO 2 using solar energy with an efficiency 10 times greater than that of terrestrial plants (Usui and Ikenouchi, 1997) , with numerous additional technological advantages.
H 2 is considered to be an energy carrier for the future due to the environmentally benign effects of consumption. Presently, however, H 2 is mostly produced from natural gas, leaving CO 2 as a production waste product which has to be sequestrated at high cost. In this context it must be noted that there are promising emerging technologies which in certain cases can make industrial use of the captured CO 2 (Johnsen et al., 2006) . Solar radiation is the most abundant energy source available and producing H 2 directly from solar energy and water as a source of protons and electrons is not only an environmentally friendly and appealing option, but will ultimately be one of the remaining options our society will have when we run out of fossil fuel reserves.
We here propose an integrated multidisciplinary process combining different areas of algae technology to capture CO 2 and convert it into useful industrial products which create economical revenues and bring added value to the capturing process. In addition, a novel method which produces biohydrogen directly from solar energy thus minimizing the need for future CO 2 capture, is emphasized. Fig. 1 . The illustrated process captures CO 2 in photobioreactors, using microalgae to convert industrially produced CO 2 and solar energy into algal biomass by photosynthesis. The algae will then be transferred to a separate photobioreactor for H 2 production, where the algae will convert solar energy into H 2 gas using a biophotolytic process under sulfur deprivation. After the H 2 production phase the algal biomass will be collected and used for different purposes: the algae can be used directly as health food for human consumption, as animal feed or in aquaculture. After nutrient limitation algal biomass can contain large amounts of valuable biomolecules which will be extracted for pharmaceutical or industrial retail. However, these substances usually only comprise few percent of the biomass, leaving the majority of the fixed CO 2 in the remaining biomass. The residual algal biomass from different process stages can be used either as a fertilizer for agriculture in which case the fixed carbon will be retained for some years, or for storage of the fixed CO 2 by industrial applications like production of plastics. Residual biomass can also be used as an energy carrier by extraction of biodiesel or by direct conversion of the biomass to other energy carriers using biological or thermo-chemical methods.
Aim
The innovative multidisciplinary process outlined below combines CO 2 fixation using solar energy with the production of H 2 and biomass comprised of high value biomolecules as a by-product (Fig. 1) . The additional value created from the H 2 production and the biomass utilization/biomolecule extraction is expected to reduce the cost of the CO 2 capturing process to a level where this can become an economically relevant method for CO 2 capture. In addition the proposed technology can be a practical alternative in situations where conventional CO 2 sequestration strategies are not practically possible. 
Outline of the multidisciplinary process
The outlined innovative integrated methodology consists of several modules (Fig. 2) , which are as follows: CO 2 capture and fixation by production of algal biomass (module 1), followed by H 2 production from the algae (module 2). The algal biomass can subsequently be used either directly as health food or animal/aquaculture feedstuff (module 3) or for extraction of health promoting biomolecules (module 4) and/or biomolecules for industrial purposes (module 5). Before or after extraction of biomolecules the residual biomass can be used as fertilizer (module 6), novel industrial materials (module 7) or biofuel (module 8).
3.1. Module 1 -CO 2 capture and fixation by production of algal biomass
Previous studies have shown that there are strains of green algae capable of growing rapidly under high CO 2 concentrations ( 50%) (Hanagata et al., 1992; Sakai et al., 1995; Satoh et al., 2002; Sung et al., 1999) and also in the presence of SOx and NOx which are common contaminants in exhaust gas from fossil fuel combustion (Brown, 1996; Maeda et al., 1995; Yoshihara et al., 1996; Zeiler et al., 1995) . Exposure to high CO 2 concentrations have shown to increase the production of high value biomolecules (Miyasaka et al., 1998) , see modules 4 and 5. Considerable effort has been invested in constructing bioreactors for the purpose of efficient CO 2 fixation into algal biomass (Cheng et al., 2006; Keffer and Kleinheinz, 2002; Ono and Cuello, 2004; Pulz, 2001; Sato et al., 2006; Usui and Ikenouchi, 1997) . Large scale bioreactors in use today can be divided into open or closed systems, and it seems evident that a closed system will be an advantage for the purpose of maximum fixation of CO 2 and also for the purpose of obtaining non-contaminated biomass for extracting biomolecules. A CO 2 fixation efficiency of 260 mg l À1 h À1 has been obtained in lab scale systems (10 l) (Cheng et al., 2006) , and if this rate can be maintained in a large scale bioreactor, it would equal CO 2 capture of 26 kg h À1 in a 100,000 l reactor or 114 t year
À1
assuming 12 h-days. Calculations of economics for commercial production of algal biomass showed that the cost of CO 2 purchased from the market constitutes 40% of the raw material expenses of the production (Molina Grima et al., 2003) . However, a recent feasibility model (Ono and Cuello, 2006) concluded that CO 2 mitigation by microalgae will only be economically feasible when exploiting the biomass by for example extracting high value by-products. An integrated system where the algal biomass is used for creating revenues in the form of health food/aquaculture and in addition H 2 production followed by biomolecule extraction, fertilization, biofuel and combustion, could be a sustainable process.
Module 2 -H 2 production from solar energy
Green algae are known to produce large amounts of H 2 gas under sulfur limitation in a process called biophotolysis, where solar energy is used to split water and generate H 2 and O 2 (Ghirardi, 2006; Ghirardi et al., 2000; Melis et al., 2000) (Fig. 3) . Depriving the algal cell of sulfur leads to partial inactivation of photosystem II in the chloroplast causing the culture to become anaerobic (Antal et al., 2003 , an effect which has also been observed during phosphor deprivation, Wykoff et al., 1998) , and the Calvin cycle responsible for producing biomass is inactivated (Zhang et al., 2002) . These steps force the organism to produce H 2 as a means to deplete excess absorbed energy that could otherwise damage the cell. In a practical H 2 production process green algae will first be grown under solar radiation and CO 2 fixation by natural photosynthesis. In the next stage the algae will be deprived of sulfur and the photosynthesis will then be partly inactivated and redirected so that solar energy can be used to produce H 2 instead of building biomass. We propose a subsequent exploitation of the biomass and in addition possibilities for retention or storage of the fixed CO 2 . As described below, nutrient limitation of algae has been shown to increase the cells' content of valuable biomolecules (see modules 4 and 5) and also to increase their calorific value (see module 8).
Lately, considerable effort has been made to optimize the process of photobiological H 2 production under sulfur deprivation from the model organism Chlamydomonas reinhardtii, with respect to conditions like cell density, growth phase (Kim et al., 2005) , light intensity (Kim et al., 2006; Laurinavichene et al., 2004) , pH (Kosourov et al., 2003) and nutrient composition (Jo et al., 2006) , and to understand the molecular and biological mechanisms involved. Since this technology was discovered, there have been great advances in improving the efficiency and understanding how a practical process can be designed. However, there is still great potential for improvement and apart from our previous work (Skjånes, Knutsen, Källqvist, Lindblad, unpublished), very little is known about how this process varies between species. H 2 production by biophotolysis in green algae is catalyzed by hydrogenase enzymes. H 2 producing microorganisms contain one or more hydrogenases, and these enzymes catalyze the reduction of protons to molecular H 2 , with a metal-containing active site. All hydrogenases are sensitive to O 2 , inactivated by oxidation of the metal-ion in the respective active sites (Urbig et al., 1993) , a problem which can be overcome by the sulfur deprivation method described above. The study of hydrogenases is an important field of research as more knowledge is required to Fig. 3 . Schematic presentation of the mechanism for H 2 production by biophotolysis in green algae. Electrons from water splitting in photosystem II are transported through the electron transport chain in the thylakoid membranes using solar energy, the electrons are then used by the hydrogenase enzyme to reduce protons to H 2 which is released from the cell. This safety valve prevents oxidative damage of the cell during stress conditions, and can be exploited as a way of converting solar energy into H 2 .
improve the H 2 production process sufficiently, either by use of wild-type species or by construction of genetically modified organisms. Currently considerable effort is invested in understanding more about algal hydrogenases with respect to structure, mechanisms and regulation (Bock et al., 2006; Das et al., 2006; Forestier et al., 2003; Posewitz et al., 2004) .
Module 3 -conversion of biomass to health food or animal feed
Biomass from microalgae has been used as a human food source for several hundred, perhaps thousands of years, and is widely recognized as a supplement with exceptionally high nutritional value (Henrikson, 1989) . Algal biomass is in common use as health food, both directly as supplements in the form of tablets or powder, or as an additive in food and beverages (Liang et al., 2004 ; Nature's Balance Inc.; Sun Chlorella Corp.; Yamaguchi, 1996) . In aquaculture microalgal biomass is considered to be an essential source of nutrition, as inert food is not accepted by most aquaculture organisms (Muller-Feuga, 2000) . The production of algae biomass for health food and animal feed/aquaculture is a fast growing market, and market estimation suggests a retail value of 3-4000 Â 10 6 US$ (Pulz and Gross, 2004) . The world wide production rates for algae biomass are estimated to be 7000-7500 t year À1 . Algal biomass' value as a functional food is illustrated by its immunological effects (Hayashi et al., 1998) , reduction of maternal dioxin transfer (Nakano et al., 2005) , promotion of intestinal bacteria (Pulz and Gross, 2004) , its effects on HIV-1 replication (Ayehunie et al., 1998) , antioxidant activity (Miranda et al., 1998; Piñero Estrada et al., 2001 ) and several other health beneficial effects (Belay et al., 1993) .
Module 4 -extraction of health promoting biomolecules
As mentioned above, intake of algal biomass has several beneficial health effects. In some cases the active components in the algae are not yet identified, in other cases the bioactive molecules are identified and can be extracted for pharmaceutical retail. Considerable effort has been invested in screening marine organisms in general for bioactive compounds and the last 35 years around 300 patents have been issued on this subject. However, lately it has been discovered that many of the bioactive compounds isolated from marine invertebrates originates from symbiotic or dietary microalgae (Harrigan and Goetz, 2002; Proksch et al., 2002) . Extensive efforts have led to isolation of a significant number of biomolecules from algae with health promoting effects, summarized in several reviews (Pulz and Gross, 2004; Singh et al., 2005; Skulberg, 2000; Smit, 2004) . Examples of such compounds include Omega-3 and other polyunsaturated fatty acids which isolated from algae can have superior quality compared to equivalent fatty acids from fish (Belarbi et al., 2000; Martek Biosciences Corp.) , and are known to have health promoting effects on autoimmune, cardiovascular and heart disease. Acetylenic lipids from algae are known to have anticancer activity (Dembitsky, 2006) . Many algae produce sulfated polysaccharides with antioxidant, antiviral and immunostimulatory activity (Huheihel et al., 2002; Lee et al., 2006; Pugh et al., 2001; Tannin-Spitz et al., 2005; Yim et al., 2004 ), vitamin E (Carballo-Cardenas et al., 2003 , carotenoids and other pigments with anticancer and antioxidant effects (Ebermann et al., 1996; Moreau et al., 2006) and various toxins exhibiting cytotoxic, antiviral, antibacterial and antifungal activities. Several large screening programs of bioprospecting with algal extracts have been performed or are ongoing to identify bioactive compounds of medical significance (Døskeland, 2001; Fenical et al., 2003; Gerwick et al., 1994; Scholz and Liebezeit, 2006; Ö rdög et al., 2004) . As discussed below, most of these important substances are secondary metabolites, and the possibility of combinatorial biosynthesis for heterologous expression of their genes have been reviewed (Julsing et al., 2006) .
Module 5 -extraction of biomolecules for industrial use
Several products can be extracted from algae for industrial purposes, in addition to products with beneficial health effects as previously mentioned. Commercialization of products from microalgae requires several considerations in order to be successful (Olaizola, 2003) . Most of the valuable biomolecules produced from algae are secondary metabolites, and these are usually most abundant under sub-optimal growth conditions. Examples of factors influencing production of secondary metabolites are light, salinity, temperature growth phase and nutrient limitation. In the case of nutrient limitation (N and P), several valuable biomolecules from algae have been shown to be optimally expressed under these conditions (Borowitzka, 1995; Giordano et al., 2000; Hejazi and Wijffels, 2004) . This implies that a system designed to produce large amounts of culture will need a second step with growth limiting conditions in order for the cultures to produce high amounts of these valuable compounds. Since this is the case, a system where a nutrient limiting step is already implemented, as the case is with H 2 production under sulfur deprivation (module 2), the extraction of the biomolecules would be an additional bonus in a commercial system. Among the most commercially successful products from microalgae are astaxanthine and other carotenoids used as an antioxidant and coloring agent in food industry and aquaculture (Algatechnologies Ltd.; BioReal AB; Cyanotech Corp.; Mera Pharmaceuticals Inc.). Other products include fatty acids for use in lipid based cosmetics like creams and lotions, poly-bhydroxybutyrate for production of plastics, polysaccharides like agar, alginates, carrageenans and other thickening agents (De Philippis et al., 2001; Ramesh and Tharanathan, 2003) , antioxidants for preservation of cosmetics and sun protection, glycerol widely used in food industry and for personal care products (Miyasaka et al., 1998) , various pigments for coloring of fish muscles, chicken skin, egg yolks and cosmetics.
Module 6 -fertilizer
Historically, algae have been used for soil fertilization in coastal areas all over the world. Algal biomass is known to improve water-binding capacity and mineral composition of the soil (Riley, 2002) . After extraction of biomolecules for pharmaceutical or industrial use (modules 4 and 5) 80-90% of the biomass will remain. The residual biomass will still have significant nutrient content, which can be used as fertilizer for agricultural purposes. Alternatively algal biomass can be used as fertilizer directly without the prior extraction of biomolecules. What is generally referred to as soil is composed of minerals, organic compounds and microbial flora. The algal cells consists of organic components which will be degraded by the microbial flora in the soil and broken down to smaller organic molecules, CO 2 and minerals which can be easily utilized by plants, as is the case with fertilization from other types of plant material or other biomass used for this purpose. Partly decomposed biomass will contribute to retain water and making it available to the plants. The plants will use CO 2 , minerals, water and sunlight to grow through photosynthesis. Fixed CO 2 in agriculture is estimated to have a retention time of 50-100 years (Grimston et al., 2001 ).
Module 7 -novel industrial materials
Since a large amount of algal biomass will be produced from CO 2 capture using the process we here propose, the potential for storing the fixed CO 2 in combination with further industrial use is advantageous. One way of storing algal biomass is by incorporating it into construction materials, such as plastics. Using natural fibres to reinforce plastic materials is a fast growing market due to environmental issues, weight and cost, and this market is currently dominated by use of wood followed by agricultural by-products (De et al., 2007; Kim et al., 2006b; Shah and Matuana, 2005) . It is also possible to incorporate whole algae cells directly into the plastic, and composite materials have successfully been constructed from algae and polypropylene , polyethylene (Otsuki et al., 2004) and PVC (Zhang et al., 2000b) . Satisfactory tensile properties of the plastics have been measured with up to 50 wt.% algal biomass, and these materials have a large variety of uses. There is big potential for supplying significant volumes of spent algal biomass as a novel component to the composite materials industry, an established and growing market area. The total market for polyethylene has been estimated to 18 million tonnes in USA and Canada alone (Taylor, 2004) , and the world market for polypropylene and PVC has been estimated to over 56 million tonnes (Gobi International).
Module 8 -biofuel
Algal biomass has the potential to be converted into biofuel, yielding a CO 2 neutral energy carrier comparable to biofuels produced from other biomass sources. All forms of biomass stores large amounts of energy (McKendry, 2002) , and significant research has been conducted to explore a variety of methods for this energy to be exploited (Bridgwater, 2006; Demirbaş, 2001; McKendry, 2002b; Reith et al., 2003) . Biomass most commonly used for the conversion into biofuels is derived from energy crops, plant residue from agriculture and forestry, organic industrial waste and domestic waste. Biomass can be converted by use of thermo-chemical (Bridgwater, 2003) or biological methods (Mata-Alvarez et al., 2000; Yadvika et al., 2004) . Thermo-chemical methods include direct combustion providing electricity, heat and mechanical power, gasification converting the biomass into fuel gases like methane and H 2 , pyrolysis producing fuel gases, oils and charcoal or liquefaction converting biomass into liquid hydrocarbon. Biological conversion methods include fermentation of the biomass by bacteria to produce energy carriers like bioethanol (von Blottnitz and Curran, 2007) , biohydrogen (Eroglu et al., 2006; Hawkes et al., 2002; Kapdan and Kargi, 2006) and biomethane, or extraction of oils from the biomass for biodiesel production (Xu et al., 2006) . All use of biofuel will re-emit CO 2 , which can be re-captured from biofuel fired plants.
Biofuel from algae has the advantage over energy crops of not consuming agricultural land and resources which would otherwise be used for food production. Another aspect is that in order for biofuels to be a truly CO 2 neutral energy carrier, the CO 2 consumption by the algae or the energy crops must be equal to or exceed that of the original vegetation covering the land area used for the production. Production of algal biomass does not require fertile soil and can easily take place in areas that are not suitable for agriculture. In addition, the total area required for production of biodiesel is significantly larger from species in use today, than in the case of algae. As an example, biodiesel output per required land area have been estimated to be-Corn: 145 kg oil ha À1 , soybeans: 375 kg oil ha À1 , palm oil: 5000 kg oil ha À1 , algae: 80,000 kg oil ha À1 (Global Petroleum Club). Nutrient limitation of algae (module 2) has been shown to increase not only the production of secondary metabolites as described in modules 4 and 5, but also to increase the calorific values of the algae in the form of lipid accumulation (under N limitation) (Illman et al., 2000; Scragg et al., 2002) . In sulfur deprived cultures, an increase in starch content has been observed in the early phases, followed by a decrease during the H 2 production phase. However, the starch content was significantly higher after H 2 production was over, than before the cells were deprived of sulfur (Zhang et al., 2002) . It is possible that H 2 production from sulfur starved cultures will cause a similar increase followed by a decrease in lipid content. Remaining algal biomass after extraction of the oil can subsequently be exploited for energy by chemical or biological methods as described above.
Summary and concluding remarks
The innovative integrated methodology proposed herein captures CO 2 in photobioreactors, using microalgae to convert industrially produced CO 2 and solar energy into algal biomass by photosynthesis. To maximize both the economical and energetic efficiency of the process, it will be necessary to use species of algae which have high CO 2 fixing and solar energy conversion efficiency, and which are able to convert solar energy into H 2 in addition to have the ability to produce a high amount of valuable biomolecules. This may be obtained by identifying wild-type strains with optimal capabilities, or by construction of metabolically modified organisms. The proposed integrated process will make use of solar energy and natural photosynthesis for CO 2 capturing. This method can complement the current chemical/physical methods in use for CO 2 capture and storage which are usually costly and not always practical, such as sequestration methods into specifically selected geological formations. In contrast algal biomass is a form of fixed CO 2 which can be easily handled and transported with no risks of release. Moreover, the proposed methodology will use solar energy to produce H 2 , which contributes to reduce the requirements for CO 2 capture and storage in the future. By exploiting the full potential of commercial products derived from algal biomass, this can become a revenue positive process with multiple opportunities for economical development.
